Abstract Progression of degeneration is often described in patients with initially degenerated segment adjacent to fusion (iASD) at the time of surgery. The aim of the present study was to compare dynamic fixation of a clinically asymptomatic iASD, with circumferential lumbar fusion alone. 60 patients with symptomatic degeneration of L5/S1 or L4/L5 (Modic C 2°) and asymptomatic iASD (Modic = 1°, confirmed by discography) were divided into two groups. 30 patients were treated with circumferential single-level fusion (SLF). In dynamic fixation transition (DFT) patients, additional posterior dynamic fixation of iASD was performed. Preoperatively, at 12 months, and at a mean follow-up of 76.4 (60-91) months, radiological (MRI, X-ray) and clinical (ODI, VAS, satisfaction) evaluations assessed fusion, progression of adjacent segment degeneration (PASD), radiologically adverse events, functional outcome, and pain. At final follow-up, two nonfusions were observed in both groups. 6 SLF patients and 1 DFT patient presented a PASD. In two DFT patients, a PASD occurred in the segment superior to the dynamic fixation, and in one DFT patient, a fusion of the dynamically fixated segment was observed. 4 DFT patients presented radiological implant failure. While no differences in clinical scores were observed between groups, improvement from pre-operative conditions was significant (all p \ 0.001). Clinical scores were equal in patients with PASD and/or radiologically adverse events. We do not recommend dynamically fixating the adjacent segment in patients with clinically asymptomatic iASD. The lower number of PASD with dynamic fixation was accompanied by a high number of implant failures and a shift of PASD to the superior segment.
Introduction
Many studies report a clinically relevant and accelerated progression of degeneration in the vertebral disc adjacent to a fused level, resulting in a poorer clinical outcome and a need for re-operation [4, 16, 26, 29] .
Despite many other proposed reasons for adjacent segment degeneration, such as genetic predisposition, an increase in the range of motion was observed in the adjacent segment after circumferential fusion, potentially leading to overstress [11, 13, 17, 25] . Especially postoperatively sagittally unbalanced patients seem to be at risk of adjacent segment degeneration because of their need for compensation of the imbalance in these segments [18, 23] . Furthermore, adjacent disc degeneration was more frequently described when initial degeneration of the adjacent segment was present at the time of fusion surgery [7, 24] . In such cases, the spinal surgeon must decide either to accept the risk of adjacent level degeneration by operating only one level, or to fuse both levels-with the risk of simply shifting the problem one level superiorly-by treating an only initially degenerated disc.
To address the general problems of progression of degeneration in an adjacent and/or initially degenerated disc, dynamic stabilization systems have been developed. The Dynesys Ò implant is one of the longest-known and -applied dynamic implants, which preserves but limits motion, while reducing facet joint loads and disc pressure in the treated segment in extension [14, 30, 35] . It has been shown to reduce adjacent segment degeneration clinically [27] .
A dynamic stabilization of an initially degenerated disc adjacent to a circumferential fusion may be able to reduce a further progression of degeneration at this level [3, 33, 35] . Moreover, compared with a two-level-fusion, an overstress of the disc superior to dynamic stabilization can potentially be avoided.
The aim of the current study was to research the differences in clinical and radiological outcomes between mono-segmental circumferential lumbar fusion alone and dynamic fixation adjacent to circumferential fusionemploying the Allospine TM Dynesys Ò Transition System (Zimmer, Winterthur, Switzerland)-in patients with clinically asymptomatic but radiologically proven initial disc degeneration adjacent to the fusion level. The hypotheses were a reduced progression of adjacent disc degeneration and, resulting from this, a better clinical outcome in the group of Allospine TM Dynesys Ò Transition treated patients.
Materials and methods
The conduct of this study was approved by the local Research Ethics Committee under ruling No. P1303. Every patient signed an informed consent on the treatment performed in this study.
Study design
Patients, who presented persistent lumbosacral and/or nonradicular complaints after an unsuccessful conservative therapy, covering a period of at least 6 months, were enrolled in this prospective, randomized, non-blind study. At the same time, osteochondrosis in Modic grade C 2, resulting from idiopathic intervertebral disc degeneration of segments L4/5 or L5/S1, and idiopathic disc degeneration of Modic grade = 1 at the superior adjacent level, had to be detectable in MRI [20] . The presence of an isthmic spondylolisthesis, up to grade II according to Meyerding, in the inferior level (fusion level) as well as facet joint arthritis of Fujiwara grade = 1 at the adjacent level, did not lead to exclusion [9] .
Patients were excluded from the study if degeneration of the adjacent segment was symptomatic, as reflected by a positive memory pain in discography and/or positive disc analgesia. When found in MRI, degeneration of segments superior to the adjacent segment also led to exclusion.
Further exclusion criteria consisted of additional degenerative findings, such as severe facet joint arthritis-Fujiwara [ grade 1-spondylolisthesis, or radiological signs of instability (traction spurs, segmental translation [ 4 mm, segmental range of motion in extension-flexion radiographs [10°) [6, 19] in any segments superior or inferior to fusion; spinal deformities, or destructive processes; previous operations on the lumbar spine; patients on long-term medication with corticoids or non-steroidal anti-inflammatory drugs (NSAID), with chronic pain C grade II according to Gerbershagen et al. [10] ; patients with osteoporosis, kidney or liver diseases, malignant tumors, or a BMI [ 30 kg/m 2 ; pregnancy; and chronic nicotine, alcohol, or drug abuse.
Patients and groups
A power analysis was conducted to estimate the necessary group size for expected differences in the clinical test parameters between the groups (b = 0.20, a = 0.05). A clinically relevant difference of ten points was chosen. The standard deviation was set to 13, based on about 100 patients from previous studies of our group. Group sizes were set to 30 each.
Sixty patients (31 men, 29 women) were included in this study between January 2000 and May 2002. Patients were randomly allocated to two groups. Epidemiological data of the patients and groups can be found in Table 1 . Randomization was performed by the Randlist Software (DataInf GmbH, Tuebingen, Germany).
The 30 patients of the control group, single level fusion (SLF), were surgically treated with an anterior-posterior fusion, whereas the 30 patients of the study group, dynamic fixation transition (DFT), received an additional dynamic fixation of the superior segment adjacent to fusion.
Surgical procedure and implant design
In all cases of both groups, anterior-posterior spondylodesis was conducted in a single session. Each surgery session involved an initial anterior approach, followed by posterior stabilization. After cleaning out the intervertebral disc and removing the cartilaginous endplate via a pararectal, retroperitoneal approach, two titanium cages (Surgical Titanium Mesh, DePuy Spine, Kirkel, Germany) with individually adapted height and of 16 mm diameter were inserted into the intervertebral space. Cages were filled with a standardized block of freeze-dried allogenic cancellous bone, which had been cut to the shape of the cage interior before sterilization. No further material was inserted around the cages in either group. Posterior spondylodesis was conducted using a monoaxial angle-stabilizing screw and rod system (Allospine TM , Zimmer, Winterthur, Switzerland). Autogenous corticocancellous material, obtained through the decortication of the facet joints and laminae in the fusion area, was placed posterolaterally between the laminae and the facet joints, at the level to be fused in each case.
Additionally, in the DFT group, two Dynesys Ò pedicle screws (Zimmer, Winterthur, Switzerland) were placed into the adjacent vertebra, preserving the adjacent segment's facet joints. A connecting device (Allospine TM Transition, Zimmer, Winterthur, Switzerland) served as a junction between the superior, rod-connected pedicle screws between the fusion segment and the dynamic fixation device (Fig. 1) . The cylindrical spacers, made of polycarbonate-urethane, were positioned on both sides, between the adjacent segment screw heads and the connecting device. Stabilizing cords, consisting of polyethylene terephthalate and forming the core of the spacers, were fixed under tension using the adjustment screws in the heads of the pedicle screws and in the connecting device.
Every patient was operated on by the same surgeon. Each of the patients was then mobilized without an orthosis and given physiotherapy from the first postoperative day onwards.
Data collection
Each of the patients was given clinical and radiographic examinations: preoperatively, postoperatively, and then 12 months subsequently. Long-term follow-up was performed after at least 60 months postoperatively. MRI diagnostics were performed preoperatively, at 12 months, and at long-term follow-up.
During the perioperative period, the mean duration of surgery, intraoperative blood loss, and the length of the patients' hospital stay were all recorded. Complications ascertained both during and after the operation were monitored up until final follow-up. Patients who failed to attend one or more follow-up examinations were excluded from statistical analysis.
Clinical follow-up
The Oswestry Low Back Pain Disability Questionnaire Version 2.0 (ODI), according to Fairbank et al. [8] , was used to assess subjective functional impairment. In addition, pain severity was estimated by using a visual analog scale (VAS), with a scale graduation of 0-100 mm (0 mm, minimal pain; 100 mm, maximal pain). During the followup appointments, the patients were additionally asked about their degree of satisfaction with the operation.
Radiological follow-up
The qualitative radiographic evaluation of fusion was based on the criteria for vertebral body fusion using intersomatic cages employing both plain and extensionflexion radiographs [28] .
At 12 months and long-term follow-up, evaluation of the progression of degeneration in the two segments adjacent to the fused one was based on MRI changes in Modic and Fujiwara scores, and on radiographic measurement of disc height compared with the preoperative status [5] . Additionally, plain and extension-flexion radiographs were used to evaluate the adjacent segments for fusion (based on the criteria described above) or radiographic signs of instability [6, 19] . To conclude, a progression of degeneration in the adjacent segments required at least one of the following criteria to be fulfilled: The radiographs were evaluated independently and blinded, by both a radiologist specializing in spinal imaging and an orthopedic surgeon. A second independent orthopedic surgeon was used to adjudicate on conflicting fusion findings.
When presenting radiologically adverse events, such as screw-loosening, screw or rod failure, implant dislocation, radiological non-union of the fusion segment, or signs of progression of degeneration in the adjacent segments at final follow-up, patients were allocated to a sub-group, which was compared with the radiologically asymptomatic sub-group of patients with the same instrumentation, with respect to their clinical outcome parameters.
Statistical analysis
The data from this study were analyzed using the SPSS 17.0 statistics software (SPSS Inc., Chicago, USA) and GraphPad Prism 5 (GraphPad Software Inc., San Diego, USA). Power analysis was performed employing NCSS 2004-PASS 2005 Software (Kaysville, USA). VAS and ODI were analyzed by 2-way ANOVA for repeated measures with post hoc Bonferroni testing. Categorical variables were analyzed with Fisher's exact test, or with a v 2 test. The inter-observer variability was tested using j-statistics. The significance level for all the statistical tests was p = 0.05.
Results
The mean long-term follow-up was 76.4 months (60-91 months). Five patients (5/30) from the SLF group and eight patients (8/30) from the DFT group failed to attend every follow-up and were therefore excluded. Up until the time of exclusion from the study, the follow-up had been free from complications in any of these patients.
Peri-operative data
Group-specific levels of instrumentation, blood loss, hospital stay, and operation time are shown in Table 1 . The mean duration of surgery was significantly higher in the DFT group (p \ 0.001). The mean surgery-related blood loss and the average length of the patients' hospital stay were not significantly different between the two groups (Table 1) . No infection was apparent during follow-up. In one patient of each group, intra-operative bleeding from V. iliaca communis had to be stopped by suture.
Follow-up examinations

Radiological results
Evaluation of fusion at the level where spondylodesis was performed revealed that three patients per group presented a clinically asymptomatic radiological non-fusion at 12 months (p = 1.000 between the groups, j = 0.89). At final followup, two asymptomatic non-unions per group were radiologically observed (p = 1.000 between the groups j = 0.87).
Progression of degeneration in the adjacent segment was visible in six SLF patients (Fig. 2) , whereas in the DFT group, a progression of degeneration in the dynamically stabilized segment was registered in one patient, who presented increasing instability. Two patients developed a progression of degeneration in the segment adjacent to the dynamic stabilization (Fig. 3) . One additional DFT patient presented a fusion of the dynamically stabilized segment. No statistical difference could be observed between the groups regarding the number of patients with progression of degeneration in all segments superior to fusion (p = 0.260). This degeneration progress led to re-operation (PLIF at adjacent segment) in only one patient of group SLF, who presented symptomatic adjacent segment degeneration with claudication and back and leg pain at final follow-up. All other patients radiologically presenting progression of degeneration in adjacent segments were not re-operated, since radiological findings were clinically asymptomatic.
No implant-associated adverse events were observed in the SLF group during follow-up. At final follow-up, one DFT patient presented a failure of the implant rods at both sides (fusion level) and in two patients, the left S1-screw (fusion level) broke (Fig. 3) . All three patients with implant failure at the fusion level were clinically asymptomatic and segments were successfully fused despite the radiological findings. Two other patients of the DFT group presented a temporary, clinically asymptomatic radiolucent line around the Dynesys Ò screws, which were also clinically asymptomatic. Radiolucent lines could not be observed at final follow-up. Another DFT patient needed revision surgery after 26 months because of a clinically symptomatic dislocation of the Dynesys Ò screws. This patient was excluded from further analysis because dynamic stabilization was removed during revision surgery. All radiologically observed adverse events are summarized in Table 2 .
Clinical results
No significant differences in the ODI or VAS were observed between the groups at any time point during follow-up (influence of treatment type). The overall influence of time was significant (p VAS \ 0.001; p ODI \ 0.001). Results are presented in Figs. 4 and 5. The patients' subjective satisfaction with the surgical outcome did not differ between the two groups at any time point (Table 3) .
Sub-grouping of radiologically apparent adverse events at final follow-up resulted in eight patients [two patients with radiological non-union and six patients with progression of adjacent segment degeneration (PASD)] in the SLF group and nine patients in the DFT group (two patients with radiological non-union, one patient with rod failure, two with screw failure, one with instability, one with fusion of the dynamically fixated segment, and two with progression of degeneration in the segment adjacent to dynamic fixation). Comparison between radiologically symptomatic and asymptomatic sub-groups within the SLF and DFT groups revealed no significant influence of radiologically adverse events on VAS (p SLF = 0.849; p DFT = 0.693) or ODI (p SLF = 0.964; p DFT = 0.666); influence of time was significant (p VAS \ 0.001; p ODI \ 0.001). For results see Table 2 and Fig. 6 . Furthermore, the sub-group of adjacent segment degeneration progression alone (excluding patients with radiological non-fusion) within the SLF group was tested for clinical differences. Results show no significant influence of the PASD alone on the clinical outcome, with respect to VAS and ODI (p VAS = 0.718; p ODI = 0.712), throughout follow-up. This test was not performed in the DFT group because of the small number of patients presenting PASD.
Discussion
To the authors' knowledge this is the first prospective study to evaluate the outcome of dynamic fixation of a radiologically initially degenerated, but clinically asymptomatic, segment adjacent to fusion. Additionally, this is the first study to present clinical and radiological medium-term follow-up results after such instrumentation.
Within this study, we demonstrated that a PASD can be reduced by additional dynamic fixation of this segment. Nevertheless, we also observed progression of degeneration in the segment adjacent to dynamic fixation and an increased rate of implant-associated complications in the DFT group. Despite the radiological benefit of avoiding degeneration progression, we were not able to detect clinical differences in the outcome between SLF and fusion with dynamic adjacent segment fixation.
Limitations of the study arise from the small number of patients recruited and present at final follow-up. Nothing can be concluded presently about the effects of a dynamic stabilization on clinically symptomatic initially degenerated segments. Another possible restriction is the employment of a Dynesys Ò -based implant. The Dynesys Ò implant is known not to physiologically restore stability in every plane of motion. MRI as well as cadaver studies have shown that it preserves but limits motion in extension, flexion and lateral bending, but does not completely compensate for increases in rotational movement, when compared with the intact spine [1, 35] . In our own biomechanical study and another [34, 36] , it was demonstrated that stability resulting from Dynesys Ò is very close to that of rigid fixation. Furthermore, stiffness can be varied by changing the spacer length, which is defined individually by the surgeon during the operation [22] . This may explain the fusion and the progression of degeneration, observed in one patient each, in the dynamically fixated segment. Nevertheless, Dynesys Ò is one of the longest used and best evaluated (clinically and biomechanically) dynamic implants available. A possible disadvantage may arise from the relatively oblique position of the Dynesys Ò spacer, when using the connector between the rigid and dynamic posterior fixations. This was necessary to maintain facet joint function of the segment adjacent to the fusion. In the biomechanical evaluation of the construct used in this study, we demonstrated that hyper-mobility resulting from SLF can be compensated, but over-compensated, by additional dynamic fixation [36] . Two-level instrumentation led to a particular increase of motion in the segment superior to it, regardless of whether dynamic or rigid fixation was applied. Additionally, multilevel stabilization seems to increase rate of incidence of degeneration of the segment adjacent to stabilization [37] . This and the relative rigidity of the Dynesys Ò implant could be an explanation for the degeneration process of the segments adjacent to dynamic fixation, observed in two patients of the present study. PASD after single-level Dynesys Ò has been described by Schaeren et al. [32] in up to 47% after 4 years.
Since almost nothing was known about the impact of the pre-and postoperative sagittal balance of the patients on success of spinal surgery at time of surgery, a spinal balance analysis was not performed but for sure should be considered for extension of surgery. Therefore, a postoperative sagittal imbalance could have had a negative influence on PASD [18, 23] . Another factor which possibly biased the study could result from preoperative discography itself performed at the adjacent segment. Carragee et al. [2] reported of an increased rate of disc degeneration after 10 years post intervention. Nevertheless, to our knowledge discography is the only test to prove whether radiologic disc degeneration is painful or not. Additionally, at the time we initiated the study, this knowledge was not available.
There was an impressive rate of radiologically apparent implant-associated adverse events in the DFT group. We suggest that the forces conveyed from the dynamic implant lead to increased stress on the rigid fixation over time. Therefore, the number of implant failures will increase over time, as observed in this study at final follow-up. New implant designs can possibly reduce such failures: a variety of dynamic implants have been and are being developed, which may reduce the disadvantages and maximize the benefits of dynamic stabilization [15, 38, 39] .
Despite the high implant failure rate in the DFT group, we surprisingly could not detect a clinical disadvantage (except in 1 patient), which would have led to re-operation. The other surprise was a comparatively high number (24%) in the SLF group showing PASD. Nevertheless, the subgroup of patients with this degeneration progression performed equally compared with the other patients of SLF group, and were clinically asymptomatic (except in 1 patient). The radiological incidence rate of progressive degeneration in the initially degenerated segment adjacent to fusion has been described to vary between 5.2 and 100%, whereas only 12.2-18.5% seem to be symptomatic in patients with transpedicular fixation [24] . This may explain the high number of asymptomatic changes observed in this study. Radiological fusion rates in the present study do not differ significantly from fusion results in the literature [31] . Nevertheless, radiographic fusion evaluation has to be interpreted carefully. Thin-slice computed tomography is a more precise fusion evaluation method [31] , but was not employed in the present study, in order to limit radiation exposure. To compensate for this, restrictive criteria were chosen for radiographic fusion evaluation. Despite the rate of implant failure in the fusion segment in the DFT group, implant failures did not lead to a higher radiological rate of non-fusion.
Clinical scores of both groups also ranked at a level comparable to that in other studies where SLF was performed [12, 21] . We could not observe a benefit in either applying or omitting additional dynamic fixation. However, implant failure and adjacent segment degeneration progression did not result in an inferior clinical outcome. It is possible that clinical differences could be seen after an even longer post-operative period. Further studies are needed to test this.
In conclusion, the lower number of cases with PASD when dynamically fixated was accompanied by a higher number of implant failures and a shift of adjacent segment degeneration to the superior segment. Additionally, employing the Allospine TM Dynesys Ò Transition implant did not lead to clinical superiority in patients with clinically asymptomatic initially degenerated adjacent segments after medium-term follow-up. Following this, we do not recommend dynamic fixation of a clinically asymptomatic, initially degenerated segment adjacent to fusion.
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